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Abstract

Introduction: Shigella continues to cause significant morbidity and mortality each year, mostly in under-five children living in developing
countries. We investigated the association between Shigella virulence genes and shigellosis.

Methodology: We randomly selected 61 S. flexneri strains isolated from patients in Bangladesh between 2009 and 2013, and evaluated the
presence of 140 MDa large-virulence-plasmid (p140), and 22 virulence genes including ipaH, ial, toxin, and T3SS-related genes.

Results: We found p140 in 79% (n = 48) and ipaBCD in 90% (n = 55) strains, while seven strains were missing the p140. The prevalence of
ial was 89%, ipgC and ipgE was 85%, and the prevalence for the remaining genes was < 85%. During the multivariate analysis, we found that
instead of sen, the Shigella enterotoxin gene set along with several other virulence genes such as ipgd, icsB, ipgB1, spal5, and mxiC, were
significantly influencing multiple clinical features relevant to shigellosis, including bloody stool, mucoid stool, and rectal straining.
Conclusions: We believe our model will help to determine the actual disease burden by directly looking for the genetic material in clinically

suggestive patients, especially when detecting the causative organisms by traditional means is difficult.
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Introduction

The global incidence of shigellosis has reduced
significantly through improved sanitation and safe
water supply. However, several multi-center studies,
including MAL-ED (The Etiology, Risk Factors and
Interactions of Enteric Infections and Malnutrition and
the Consequences for Child Health and Development)
and GEMS (Global Enteric Multicenter Study) indicate
that it continues to be one of the significant causes of
morbidity and mortality every year, especially among
children under 5 years of age in sub-Saharan Africa and
South Asia [1-3]. Kotloff and her team estimated that
in 1999 the global annual burden of Shigella infection
was 164.7 million cases with 1.1 million deaths, out of
which 163.2 million were from developing countries
and 69% were children under five years of age [4]. In
2016, a study concluded that Shigella was the second
leading cause of diarrheal mortality among all ages

accounting for 212,438 deaths, which included 63,713
deaths in under-five children [5].

There are four species of Shigella: S. dysenteriae (n
= 15), S. flexneri (n = 23), S. boydii (n = 20), and S.
sonnei (n = 1) [6], and they are further classified into
different serotypes [7]. Although S. dysenteriae type 1
is responsible for the most severe shigellosis, no
incidence has been reported since 2004. We have
observed a drift in the Shigella epidemiology over the
last two decades. In just ten years, the prevalence of S.
sonnei tripled from 8% (in 2000) to 27% (in 2010) [7].
However, for the last 35 years, S. flexneri has remained
the most predominant species in Bangladesh.

The cellular pathogenesis and clinical presentation
of dysenteric illness are mediated by multiple Shigella
virulence factors including, p140, enterotoxins, and
Type 3 Secretion system (T3SS) [8]. The p140 is a 230
kbp long virulence plasmid containing 100 genes with
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a 31 kbp conserved "entry region" composed of 34
genes clustered in four groups. Group I contains the
effector genes encoding the invasion plasmid antigen
(Ipa). These Ipa proteins manipulate the host cell
processes in favor of the pathogen [9]. Group II consists
of membrane expression of ipa (mxi) and surface
presentation of ipa (spa) genes, encoding Mxi and Spa
proteins that are required for secretion of the Ipa and
other effector proteins [10]. Group III has two
regulatory genes, virB and mxiE that regulate the 735S
genes [11]. Group IV contains chaperone protein-
coding genes that are required to stabilize the 73SS
substrates within the bacterial cytoplasm [12].
However, all operations of p/40 are strictly controlled
by the global regulatory elements described elsewhere
[8].

The toxins are essential virulence factors needed for
the survival of Shigella spp. Unlike the ShET2 -
encoded by the sen gene, located in p140, Shiga toxin
(Stx) and Shigella enterotoxin 1 (ShETI) are encoded in
the chromosome. Stx is found in S. dysenteriae type 1
and enterohemorrhagic E. coli [13], while SKETI is
found in S. flexneri [14]. However, Stx is responsible
for the more severe complications, including
hemolytic-uremic syndrome, and even death [15].

The T3SS - a needle-like virulence apparatus — has
a base, needle, inner membrane export apparatus,
cytosolic components, tip complex, and translocons.
The base spans over both the outer membranes and is
composed of two concentric rings. The outer ring is
made of MxiD protein, and the inner ring is made of
MxiG and MxilJ proteins [16]. The outer rod primarily
consists of ~100 copies of MxiH protein arranged in a
helical pattern. The inner rod is made of Mxil and this
determines the needle length. The inner membrane
export apparatus consists of five conserved proteins -
MxiA, Spa24, Spa9, Spa29, and Spa40 - acting as a
protein channel and facilitating the target proteins
through the inner membrane [16]. The cytosolic
components recruit, unfold, and transport the substrates
after contact with the host cell, while a linker protein -
MxiN - recruits the cytosolic components - e.g.,
ATPase - to the sorting platform [17]. The activation of
the needle complex occurs following contact with the
host cell, mediated by the tip complex - i.e., IpaB, IpaC,
and IpaD [18] - passaging the effectors into the host cell
and initiating pathogenesis. These cellular events can
lead to serious illness in humans, ranging from diarrhea
with tenesmus and high fever to severe life-threatening
complications, including Shigella encephalopathy,
hemolytic-uremic syndrome, and even death.
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Shigella is easily transmittable through the fecal-
oral route. With no effective vaccine [3], an infectious
dose as low as 10-100 organisms [19], and with the
emergence of multi-drug resistant Shigella spp. [20], it
is wise to consider Shigella as a formidable public
health threat that can wreak havoc on the health system
in any densely populated developing tropical country,
like Bangladesh. Since Shigella can remain undetected
during the culture and sensitivity assay [21], alternative
means should be sought to determine the actual disease
burden and for evidence-based treatment for this
pathogen. Therefore, we evaluated which Shigella
virulence genes influence a particular clinical feature —
individually or as a cluster — during shigellosis in
humans.

Methodology
Ethical statement

This study was done on children under the age of
five years and was part of a surveillance system aiming
to understand the etiology and burden of diarrheal
disease. The study was approved by the Research
Review Committee and the Ethical Review Committee
of'icddr,b in December 2009. Caregivers of the children
provided informed written consent before enrollment
and collection of stool samples.

Bacterial isolates

Sixty-one clinical isolates of S. flexneri of different
serotypes were obtained from the patients enrolled in
the “Disease burden and etiologic agents of diarrhea
patients visiting Kumudini Hospital, Mirzapur” study
from 2009 to 2013. Different serotypes were present
among these 61 S. flexneri strains: 1b (n =5), 1c (n =
9),2a(n=16),2b(n=15),3a(n=8),4 (n=3),and 6
(n=15). All these strains were isolated and characterized
at the Enteric and Food Microbiology Laboratory of
icddr,b following standard microbiological and
biochemical methods [22]. A single colony of
confirmed Shigella strain was grown in Tryptic Soy
Broth (TSB) with 0.3% yeast extract and stored at -70
°C after adding 15% glycerol for further use. The strains
that were used as plasmid standards (i.e., E. coli PDK-
9, V-517, Sa, and R1) were collected from the Enteric
and Food Microbiology Laboratory of icddr,b. The
corresponding clinical features data was collected from
the database of the aforementioned study at the
beginning of this paragraph.

Serological Typing

We confirmed each strain using a commercially
available antisera kit (Denka Seiken, Tokyo, Japan) and
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monoclonal antibody (Reagensia AB, Stockholm,
Sweden), specific for all S. flexneri type and group-
factor antigens. We also sub-cultured the strains on
MacConkey agar plates (Difco, Becton Dickinson &
Company, Sparks, MD, USA). We performed the glass
slide agglutination test after overnight incubation to
confirm the serotype as described elsewhere [23].

Plasmid analysis
Plasmid DNA was processed according to the
alkaline lysis method of Kado and Liu [24] with few

Table 1. List of primers used to identify Shigella virulence genes.

J Infect Dev Ctries 2022; 16(12):1835-1844.

modifications [25]. An isolated colony for each strain
was inoculated in 1.5 mL Tryptic Soy broth with 0.3%
yeast extract (TSBY) and incubated overnight at 37 °C
on a water bath shaker. Later the cells were harvested
by centrifugation and were suspended in 100 pL of
solution I (40 mM Tris-Na acetate, 2 mM EDTA, pH
7.4). Then 200 pL of solution II (3% sodium dodecyl
sulfate, 50 mM Tris, pH 12.9) was added and incubated
at 55 °C for 1 hour. After incubation, an equal volume
of solution III - phenol-chloroform-isoamyl alcohol
[25:24:1] - was added and mixed carefully before

Primers Oligonucleotide sequence (5’ to 3°) Product size (bp) Reference
ipaH F TGGAAAAACTCAGTGCCTCT 423 [29]
ipaHR CCAGTCCGTAAATTCATTCT

ial F CTGGATGGTATGGTGAGG 320 [30]
ial R GGAGGCCAACAATTATTTCC

setlA F TCACGCTACCATCAAAGA 309 [27]
setlA R TATCCCCCTTTGGTGGTA
setIB F GTGAACCTGCTGCCGATATC 147 [27]
setlB R ATTTGTGGATAAAAATGACG

sen F ATGTGCCTGCTATTATTTAT 799 [27]
sen R CATAATAATAAGCGGTCAGC
virB F GAAAAGTTGCGGTCTC 255 [31]
virB R AGGTAATTCTCCGGCC
ipaBCD F GCTATAGCAGTGACATGG 500 [32]
ipaBCD R ACGAGTTCGAAGCACTC
ipgCF CACCATGTCTTTAAATATCACCG 475 (33]
ipgCR ATACTCCTTGATATCCTGAATTG

ipgBl F CGGGATCCCATATAGGGGGTATCATG 650 (34]

ipgBI R GCGTCGACTTAATTTGTATTGCTTTG
ipgd F CGCGGATCCATGTGTCGCAAACTATATG 435 (35]
ipgd R CCGGAATTCTTAGTTCACTTCTGAAGTG
icsB F CGCGGATCCATGAGCCTCAAAATTAGCAA 1568 35]
icsBR CCGGAATTCCTATATATTAGAATGAG
ipgD F TCGGCGTCAGAAGAGAAGTC 560 [36]
ipgD R TATTAGCACATCATCATCAA
ipgE F CCACCGGTCGACTTAATACCCCTTCATTCTTCG 390 (37]
ipgE R CCACGCGGATCCATGGAAGATTTAGCAGATGTT
ipgF' F GCTTGAATTCGATTGTTGGGATAAGGCTGG 441 (38]
ipgF R GAGCAAGCTTTTATTATATCCTTCGATTATTCTGCTTGCTC

mxiH F AGCGGATCCAGTGTTACAGTACCG 283 [39]
mxiH R CGCGTCGACTGGATTATCTGAAGT
mxil F CATGCCATGGTTTACATTTATCCAGTC 318 [39]
mxil R CCCAAGCTTAGACTTTAATAAAGTTTC
mxiK F GGCGTAATCAGAAGTGAG 575 [40]
mxiK R TATACGCAGTGATTCAGC
mxiE F GCATAGCCATGCTGAAAAATG 249 This study
mxiE R TCCGACACACCATAATGCTC
mxiCF GTAGGTGATGTATGCTTG 1067 36]
mxiC R GATCACTTTCATCTCCTG

spal5 F ACAGCCATTCAGCGATTACC 198 This study

spal5 R AACGATGAAGCTCTACCAGCTC

spa47 F CTCGGGGCCAATCTTGGAAAC 237 [40]

spa47 R CGGCCGACTTGCGTATGAAGA

spa32 F GCTCGCATGCCTTTTGGAGGATGAT 958 (39]

spa32 R GGCCGGATCCAAGAACCATTTACT

spa24 F TTCTGATTCTGGCTTGATG 547 [41]

spa24 R GTGTCTGCTCTTGGAGTTG

Gene name F (Forward primer), Gene name R (Reverse primer)
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collecting the plasmid DNA by centrifugation. The
plasmid DNA was separated by horizontal gel
electrophoresis in a 0.7% agarose gel at room
temperature at 100V (30 mA) in TBE (Tris-Borate-
EDTA) buffer for approximately 3 hours. The slab gel
was stained with ethidium bromide and the DNA band
images were taken by a gel documentation system. The
masses of unknown plasmid DNA were measured by
comparing the mobilities with the known molecular
weights [26]. The plasmids present in E. coli strains
PDK-9 (140, 105, 2.7 and 2.1 MDa), V-517 (35.8, 4.8,
3.7,3.4,3.1,2.0, 1.8 and 1.4 MDa), Sa (23 MDa) and
R1 (62 MDa) were used as molecular weight standards.

PCR assay

The detection of the following genes in Shigella
isolates was carried out by polymerase chain reaction
(PCR) assay: ipaH, ial, set (Shigella enterotoxin 1), sen
(Shigella enterotoxin 2), and T3SS-related genes (virB,
ipaBCD, ipgC, ipgBl, ipgA, icsB, ipgD, ipgE, ipgF,
mxiH, mxil, mxiK, mxiE, mxiC, spal5, spa47, spa32
and spa24) according to the procedure described

Figure 2. Plasmid DNA analysis of representative S. flexneri
strains.
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Gel electrophoresis of characterized plasmid DNA. Lane 1, E. coli PDK-
9; Lane 2, K-4081 S. flexneri 6a; Lane 3, K-2336 S. flexneri 6a; Lane 4,
K-3253 S. flexneri 1c; Lane 5, E. coli V-517; Lane 6, K-3127 S. flexneri
1b; Lane 7, K-2980 S. flexneri 2a; Lane 8, K-1502 S. flexneri 3a; Lane
9, E. coli Sa; Lane 10, K-632 S. flexneri 4; Lane 11, K-553 S. flexneri 4;
Lane 12, K-102 S. flexneri 2b; Lane 13, K-6 S. flexneri 3b; Lane 14, E.
coli R1. The position of the reference strains at 140 MDa, 105 MDa, 62
MDa, 35.6 MDa, 23 MDa, 2.7 MDa, 2.1 MDa, 2.0 MDa, 1.8 MDa and
1.4 MDa plasmid DNA shown with indicators.
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Figure 1. The status of different serotypes, associated clinical
features, the p140, and the virulence genes in S. flexneri isolates
in this study.
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previously (Table 1) [27]. However, PCR protocols for
spal5 and mxiE were developed in this study after
designing the respective PCR primers, following
instructions described elsewhere [28]. During PCR, S.
flexneri 2a strain YSH6000 was used as the positive
control, and E. coli ATCC 25922 lacking the p140 was
used as the negative control.

Statistical analysis

We checked the difference in proportions of the
explanatory variables (Shigella virulence genes)
relative to the outcome variables (clinical features) and
used the Chi-square tests of independence to check
whether these differences are statistically significant. A
p-value < 0.05 was considered statistically significant.
When the expected counts were < 5, we used Fisher’s
exact test to determine significance. Next, we used
binary logistic regression analysis on all response
variables individually to assess whether the outcome
variables were significantly (p < 0.05) influenced by
individual or multiple explanatory variables. To avoid
the multicollinearity effect, we merged several
predictor variables into one, especially when one
predictor variable — a gene — had a well-known
dependent mechanism of action with another predictor
variable — i.e., another gene. We used R (version 4.0.4)
for all data analysis, and prepared the graphs and figures
using Image Lab Version 5.2.1, Image J 1.48k, GNU
Image Manipulation Program Version 2.8.10, and
draw.io Version 11.3.0 software.

Results
Serological status

All the 61 isolates were S. flexneri consisting of
different serotypes 1b (n = 5), 1c (n =9), 2a (n = 16),
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2b (n=15),3a(n=28),4 (n=3), and 6a (n = 5) (Figure
1).

Status of plasmid profile

Out of the 61 isolates, 79% (48/61) were pl40
positive. S. flexneri 2a (n = 15), 2b (n = 14), 3a (n = 8),
Type-4 (n = 3), and 6a (n = 5) serotypes were present
among these 48 strains. None of the 1b strains were
p140 positive, while three 1c strains (3/9) were positive
for p140. Small plasmids, approximately 2.7 and 2.1
MDa, were observed in around 94% strains, thus as core
plasmids. Nonetheless, the overall plasmid population
was heterogeneous (Figure 2).

J Infect Dev Ctries 2022; 16(12):1835-1844.

Assessment of virulence genes

We analyzed the 61 S. flexneri strains to evaluate
the presence of ipaH, ial, toxin (set, sen), and 18
different T3SS-related genes - virB, ipaBCD, ipgC,
ipgBl, ipgA, icsB, ipgD, ipgE, ipgF, mxiH, mxil, mxiK,
mxiE, mxiC, spal5, spa47, spa32 and spa24 genes by
PCR assay (Figures 1 and 3). All were found to be ipaH
positive, while ial was found in 54 isolates. All of the 7
ial negative strains were also p140 negative, but 6 ia/
positive strains were found p140 negative. The sen gene
was found in 38 strains and was absent in 23. In
addition, 34 S. flexneri strains were set positive, and 27
were set negative. Out of the 27 set negative strains, 22

Figure 3. Gel electrophoresis of PCR products of representative S. flexneri strains.

[icse (1568 bp) |-
setlB (147 bp)

ial (320 bp) |«

Agarose gel electrophoresis of (A) set/A, setlB genes: Lane 1 — K1063 — S. flexneri 2a, Lane 2 — K1057 — S. flexneri 2a, Lane 3 — K1053 — S. flexneri 2b,
Lane 4 — K1044 — S. flexneri 2b, Lane 5 — K842 — S. flexneri 1¢, Lane 6 — K662 — S. flexneri 2b, Lane 7 — K658 — S. flexneri 2b, Lane 8§ — K645 — S. flexneri
2b, Lane 9 — K632 — S. flexneri 4, Lane 10 — K629 — S. flexneri 2b, Lane 11 — K583 — S. flexneri 2b, Lane 12 — K570 — S. flexneri 2b, Lane 13 — Positive
control (PC), Lane 14 — Negative control (NC), Lane 15 — Reagent blank (RB), Lane 16 — 1 kbp plus DNA ladder, Lane 17 — K1063 — S. flexneri 2a, Lane
18 —K1057 — S. flexneri 2a, Lane 19 — K1053 — S. flexneri 2b, Lane 20 — K1044 — S. flexneri 2b; (B) icsB gene: Lane 1 — K1044 — S. flexneri 2b, Lane 2 —
K842 —S. flexneri 1c, Lane 3 — K662 — S. flexneri 2b, Lane 4 — K658 — S. flexneri 2b, Lane 5 — K649 — S. flexneri 2a, Lane 6 — K645 — S. flexneri 2b, Lane
7 —K632 —S. flexneri 4, Lane 8 — K629 — S. flexneri 2b, Lane 9 — 1 kbp plus DNA ladder, Lane 10 — K583 — S. flexneri 2b, Lane 11 — K570 — S. flexneri
2b, Lane 12 — K569 — S. flexneri 2b, Lane 13 — K553 — S. flexneri 4, Lane 14 — K425 — S. flexneri 2b, Lane 15 — K270 — S. flexneri 3a, Lane 16 — Positive
control, Lane 17 — Negative control, Lane 18 — Reagent blank; (C) spa32 gene: Lane 1 — K842 — S. flexneri 1c, Lane 2 — K662 — S. flexneri 2b, Lane 3 —
K658 — S. flexneri 2b, Lane 4 — K649 — S. flexneri 2a, Lane 5 — K645 — S. flexneri 2b, Lane 6 — K632 — S. flexneri 4, Lane 7 — K629 — S. flexneri 2b, Lane
8 — K583 — 8. flexneri 2b, Lane 9 — K570 — S. flexneri 2b, Lane 10 — K569 — S. flexneri 2b, Lane 11 — K553 — S. flexneri 4, Lane 12 — 1 kbp plus ladder,
Lane 13 — K425 — S. flexneri 2b, Lane 14 — K270 — S. flexneri 3a, Lane 15 — K151 — S. flexneri 2b, Lane 16 — K102 — S. flexneri 2b, Lane 17 — K53 — S.
flexneri 1c, Lane 18 — K6 — S. flexneri 3b, Lane 19 — Positive control, Lane 20 — Negative control; (D) ia/ gene: Lane 1 — K629 — S. flexneri 2b, Lane 2 —
K583 — 8. flexneri 2b, Lane 3 — K570 — S. flexneri 2b, Lane 4 — K553 — S. flexneri 4, Lane 5 — K270 — S. flexneri 3a, Lane 6 — K151 — S. flexneri 2b, Lane
7—-K53 - 8. flexneri 1c, Lane 8 — Positive control, Lane 9 — Negative control, Lane 10 — Reagent blank, Lane 11 — 1 kbp plus ladder. The expected positions
of the PCR product of genes are shown with the indicators. In each case, 1 kbp plus DNA ladder was used. YSH6000 S. flexneri 2a was used as positive
control and E. coli ATCC 25922 was used as negative control.

1839



Chowdhury et al. — Shigellosis in relation to Shigella virulence gene

were both set/A4 and set!B negative, and the remaining
5 were negative for either set/4 or setl/B. However, all
S. flexneri 1b and 1c strains were sef negative. On the
other hand, ipaBCD was found in 90% of strains. The
prevalence of ipgC and ipgE was 85% (52/61), virB and
ipgA was 82% (50/61), mxiK and spa24 was 70%
(43/61), and mxiH, mxil, spal5, spa47 prevalence was
80% (49/61). The prevalence of the remaining genes
(ipgD (n="19), ipgF (n="177), spa32 (n="175), ipgBI (n
=72), mxiE (n = 66), icsB (n = 44), and mxiC (n = 36)
were variable. Although 13 strains were found to be
p140 negative, none of those strains were completely
devoid of the T3SS genes and at least one T3SS-related
gene was present in each of them. This count was much
higher in two strains - K-1080 (S. flexneri 2a) and K-
842 (S. flexneri 1c) (Figure 4).

Status of clinical information

Apart from the increased incidence of severe
diarrheal disease (90.2%, n = 55), the clinical features
observed in corresponding patients were: abdominal
pain (85.2%, 52/61), bloody stool (80.3%, 49/61),
mucoid stool (82.0%, 50/61), recorded temperature,
i.e., fever (36%, 22/61), rectal straining (73.8%, 45/61),
cough (41%, 25/61), vomiting (45.9%, 28/61),
dehydration (21.3%, 13/61), and history of convulsion
(3.2%, 2/61). The status of the corresponding clinical
features observed in the p140 negative strains is shown
in Figure 1.

Difference in proportion of virulence genes and
features of shigellosis

We found several statistically significant (p < 0.05)
differences in proportions among the Shigella virulence
genes and relevant clinical features associated with
shigellosis (Table 2). The presence of the ia/ gene was
significantly associated with abdominal pain (p =

J Infect Dev Ctries 2022; 16(12):1835-1844.

Factors associated with clinical features of shigellosis

Binary logistic regression analysis (Table 3, Figure
5), indicated that the presence of the Shigella
enterotoxin gene — set — was associated with rectal-
straining (OR: 25.150, 95% CI: 3.320, 592.211; p =
0.009) even after adjusting other covariates (listed
below the table). The Shigella enterotoxin gene — set —
also had a statistically significant association (OR: 6.00,
95% CI: 1.763, 24.487; p = 0.006) with rectal straining
during the unadjusted regression analysis. Similarly, the
toxin gene — set — was found to be associated with
bloody stool (OR: 24.791, 95% CI: 3.989, 278.175; p =
0.002) and mucoid stool (OR: 11.190, 95% CI: 2.297,
88.727;, p = 0.007), which was also found to be
significant during the unadjusted analysis. However,

Figure 4. Status of virulence genes and clinical features
associated with the p140 negative S. flexneri strains

Severe disease
Abdominal pain

Convulsion

Not available

[ Absent Present

Figure S. Comparison of regression models

e
set P——
e Qe —
i [r—O— modelName

¢ Bloody stool

Variable

0.030). One of the enterotoxin genes — set — was e i ——
strongly associated with clinical features including, poes N I
mucoid stool, bloody stool, and rectal-straining (all p < (itercept) =
0.01). 5 3 5 3 §
Coefficient
Table 2. Summary of descriptive statistics.
Case Control

Independent variables Dependent variables

(with clinical features)

(without clinical features) P

(Genes) (Clinical features) n (%) n (%)

ial Abdominal pain 48 (92.31) 4(57.14) 0.030*
Mucoid stool 32 (64.00) 2 (18.18) 0.008*

set Bloody stool 32 (65.31) 2 (16.67) 0.003
Rectal straining 30 (66.67) 4 (25.00) 0.008

Mucoid stool 32 (64.00) 2 (18.18) 0.008*

sen Bloody stool 32 (65.31) 2 (16.67) 0.003
Rectal straining 30 (66.67) 4 (25.00) 0.008

*Calculated by Fisher’s exact test instead of Pearson's Chi square test.
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the presence of the icsB and its chaperone ipgd was
found to be significantly associated with bloody stool
(OR: 0.164, 95% CI: 0.020, 0.897; p = 0.053) and
rectal-straining (OR: 0.041, 95% CI: 0.001, 0.390; p =
0.020) only during the adjusted regression analysis.
Both the mxiC (OR: 0.068, 95% CI: 0.003, 0.485; p =
0.023) and the ipgBI and its chaperone spal5 (OR:
23.250,95% CI: 2.112, 725.093; p = 0.027) were found
to be associated with rectal-straining but the direction
of association was opposite. Finally, although the
enterotoxin gene — set — was found significantly
associated with both fever (OR: 0.521, 95% CI: 0.177,
1.493; p=10.227) and cough (OR: 0.333,95% CI: 0.112,
0.944; p = 0.042) this association was only in the
unadjusted models.

Discussion

We randomly selected 61 S. flexneri strains for
plasmid profiling to detect the presence of the 140 MDa
large virulence plasmid (p140) and performed PCR
assay to determine the status of Shigella virulence
genes, including ipaH, ial, toxin (set, sen), and T3SS-
related genes (virB, ipaBCD, ipgC, ipgBl, ipgA, icsB,
ipgD, ipgE, ipgF, mxiH, mxil, mxiK, mxiE, mxiC,
spals, spa47, spa32, spa24). We also designed the
primers for mxiE (a T3SS regulator) and spal5 (a T3SS
chaperone) genes with primer3plus and confirmed their
validity when the predicted product size correlated with
the band size of the PCR product during gel
electrophoresis analysis.

Even though the T3SS related genes are located
inside the 31 kbp “entry region” of p140 [8], none of
these p140-negative strains were entirely devoid of the
T3SS-related genes (Figure 4). We found 6 of such
T3SS-related genes in K-842 (S. flexneri 1c) and 17 in
K-1080 (S. flexneri 2a). We observed multiple clinical
features in the patients from whom these p140-negative
strains were isolated (Figure 4). A higher proportion of
the clinical traits analyzed in this study were found in

Table 3. Summary of binary logistic regression analysis.
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K-1080 (S. flexneri 2a) and K-842 (S. flexneri 1c),
including abdominal pain, bloody mucoid stool, fever,
rectal straining, vomiting, and an increased severity of
diarrheal disease. These strains were pathogenic even
though they were missing p140. Therefore, we suspect
that these T3SS-related genes might be integrated
elsewhere within the bacterial genome, probably
mediated by transposons or insertion sequences [42].

During the bivariate analysis, we found that the
Shigella enterotoxin gene set was strongly associated
with mucoid stool, bloody stool, and rectal straining (p
values < 0.01). However, the chromosomal set gene is
known to have two domains - set/4A and setiB -
encoding ShET1A and ShET1B proteins. The ShET1A
is responsible for the secretory activity, while ShET1B
causes irreversible binding of the toxin to the enterocyte
receptor [43]. In contrast, the plasmid-borne sen gene
encoding ShET2 (Shigella enterotoxin 2) causes
epithelial inflammation by contributing to the release of
Interleukin-8 (IL-8) from the gut epithelium [44]. IL-8
is a chemokine that attracts and activates the neutrophil
at the inflammatory region, causing injury to the nearby
cells, including the rectal epithelium [45]. We also
found ial to be significantly associated with abdominal
pain (p = 0.030), while this gene is known to direct
epithelial cell penetration by the pathogen [46].

Since these 22 T3SS-related genes may be present
on the same plasmid, we wanted to identify which genes
(individually or in combination with other genes) are
mostly associated with a particular clinical outcome of
shigellosis. To do that, we used binary logistic
regression analysis after merging several variables into
one depending on their mechanistic relationship to
avoid the multicollinearity effect (Table 3, Figure 5). In
the multivariate analysis, we found that the presence of
rectal straining was significantly influenced by the
simultaneous presence of the enterotoxin set gene, the
icsB which camouflages Ics4 from the autophagic host
defense system, its chaperone IpgA which is required

Outcome Predictor Unadjusted Adjusted
variables variables OR (95% CI) P OR (95% CI) P
Fever set + sen 0.521 (0.177, 1.493) 0.227 - -
Bloody stool set + sen 9.412 (2.175, 65.988) 0.007 24.791 (3.989, 278.175) 0.002
ipgA + icsB 0.750 (0.207, 2.715) 0.656 0.164 (0.020, 0.897) 0.053
Cough set + sen 0.333 (0.112, 0.944) 0.042 - -
Mucoid stool set + sen 8 (1.820, 56.386) 0.013 11.190 (2.297, 88.727) 0.007
mxiC 0.392 (0.099, 1.485) 0.167 0.235 (0.045, 1.048) 0.065
set + sen 6.00 (1.763, 24.487) 0.006 25.150 (3.320, 592.211) 0.009
Rectal straining ipgA + icsB 0.731 (0.229, 2.321) 0.591 0.041 (0.001, 0.390) 0.020
mxiC 0.452 (0.138, 1.457) 0.181 0.068 (0.003, 0.485) 0.023
ipgBl1 + spal5 2.722 (0.799, 9.290) 0.105 23.250 (2.112, 725.093) 0.027

List of adjusted variables: ial, set + sen, virB, ipaBCD + ipgC, ipgBI + spal5, ipgA + icsB, ipgD + ipgE, ipgF, mxiH + mxil, mxiK, mxiE, mxiC, spa47, spa32 +

spa24.
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for the stability and secretion of IcsB [35], the mxiC
which is a Shigella T3SS substrate that prevents
premature effector secretion [47], the ipgBI which
induces membrane ruffling to increase invasiveness,
and its chaperone spal5, that stabilize the IpgBI
[34,48]. We also found that bloody stool was
significantly associated with the presence of the toxin
set gene, and the icsB and its chaperone ipgA, while the
mucoid-stool was found to be associated with the
enterotoxin set gene and another T3SS substrate gene
mxiC (p < 0.10). Despite the set gene’s known role in
secretory activity [14,43], in this study, we found the set
gene alone to be associated with invasive clinical
features including bloody stool, mucoid stool, and
rectal straining, which was previously not known and
hence requires further investigation (Tables 2 and 3,
Figure 5). Several studies have reported that shigellosis
is associated with convulsion [49]. We found no
significant association, probably because we had only
two convulsion cases.

We have several limitations in our study. Our
sample size was small, we could not sequence the
Shigella strains, and we did not analyze the bacterial
strains immediately after isolating pathogens from the
patients. Therefore, the possibility remains that the
plasmid and the genes might be lost during storage.
There is also the possibility of co-infections in patients,
and we do not have adequate information to analyze this
aspect further. In addition, we did not have Shigella and
non-Shigella cases to compare the presence of these
genes in different pathological conditions.

Conclusions

In conclusion, we found that the Shigella
enterotoxin gene set and several other virulence genes
such as ipgd, icsB, ipgBl, spal5, and mxiC, were
significantly associated with multiple shigellosis-
relevant clinical features, including bloody stool,
mucoid stool, and rectal straining in separate models.
Although our model is based on a small dataset with
considerable limitations, we believe that such a model
could help us determine the actual disease burden by
directly looking for the genetic material (i.e., ipaH,
even though this gene is also found in enteroinvasive
Escherichia coli), especially when a patient is clinically
suggestive but still culture negative.

J Infect Dev Ctries 2022; 16(12):1835-1844.
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